Figures in color:
(1)
The photoreceptor phytochrome A acts as a light-dependent molecular switch 50 and regulates responses initiated by very low fluences of light (VLFR) and high 51 fluences (HIR) of far-red light. PhyA is expressed ubiquitously, but how phyA 52 signaling is orchestrated to regulate photomorphogenesis is poorly understood. 53
54
(2)
To address this issue, we generated transgenic Arabidopsis thaliana phyA-201 55 mutant lines expressing the biologically active PHYA-YFP photoreceptor in different 56 tissues, and analyzed the expression of several reporter genes, including HY5-GFP 57 and CFP-PIF1 and various FR-HIR dependent physiological responses. 58
59
(3)
We show that phyA action in one tissue is (i) critical and sufficient to regulate 60 flowering time, and root growth; (ii) control of cotyledon and hypocotyl growth 61 requires simultaneous phyA activity in different tissues, and (iii) changes detected in 62 the expression of reporters are not restricted to phyA-containing cells. 63
(4)
We conclude that FR-HIR-controlled morphogenesis in Arabidopsis is 65 mediated partly by tissue-specific and partly by intercellular signaling initiated by 66 phyA. Intercellular signaling is critical for many FR-HIR induced responses, yet it 67 appears that phyA modulates the abundance and activity of key regulatory 68 transcription factors in a tissue-autonomous fashion. 69 INTRODUCTION 70 5 very early steps of phyA signaling result in (i) the inactivation or alteration of the 104 substrate specificity of the COP1/SPA1-4 complex that targets proteins to 105 degradation, (ii) disruption of the binding of PIF transcription factors (TFs) to their 106 cognate promoters and/or initiating their degradation, and (iii) induction of 107 transcriptional cascades that modulate the expression of 2500-3000 genes of the 108 Arabidopsis genome in a FR light-dependent fashion (Tepperman et al., 2001) . In this 109 aspect it is worth noting that phyA is ubiquitously expressed (Somers & Quail, 1995; 110 Hall et al., 2001) , and FR light readily penetrates plant tissues. It follows that phyA 111 signaling, at least theoretically, can be induced simultaneously in each cell. If so, then 112 it would be essential to know to what extent phyA signaling in different cells/tissues 113 is identical and/or different, and how these signaling cascades are interconnected with 114 each other to regulate complex photomorphogenic responses such as hypocotyl 115 growth inhibition or cotyledon expansion. Clearly, a prerequisite to answer these 116 questions is to collect detailed information about the spatial/temporal features of 117 phyA-controlled signaling cascades. The first reports addressing this problem 118 produced data obtained by focused irradiation (spot, micro-beam etc.) targeted to 119 specific parts/organs/tissues. For example, it was shown that phytochrome localized in 120 leaves is essential for regulating hypocotyl elongation under shade conditions (Casal 121 & Smith, 1988a; Casal & Smith, 1988b) . Nick et al. (1993) reported that 122 accumulation of anthocyanin and CHALCONE SYNTHASE mRNA induced by 123 microbeam irradiation with FR light in the cotyledons of mustard seedlings is a cell-124 autonomous, stochastic response. However, to explain the gradually developing 125 expression pattern at the whole organ level these authors hypothesized that the 126 responses of individual cells are integrated by inhibitory, intercellular communication. 127 Bischoff et al. (1997) required for the activity of all phytochromes was decreased in an organ/tissue specific 143 fashion by expressing plastid-targeted mammalian biliverdin IX alpha reductase under 144 the control of selected promoters. These authors concluded that phyA-controlled 145 developmental responses, including hypocotyl growth inhibition and root elongation 146 are mediated by long-distance, inter-organ signaling. The caveat of this approach is 147 that it lowers rather than fully inhibits accumulation of the chromophore, and the 148 precise amount of the active photoreceptor present in the various tissues/organs is not 149
known. 150
Whilst these studies revealed important spatial/temporal features of phyA-controlled 151 photomorphogenic responses, they provided limited molecular information about the 152 events of phyA-controlled signaling cascades at the molecular level. phyA contains no 153 DNA-binding motifs, but Chen et al. (2014) demonstrated by chromatin 154 immunoprecipitation sequencing and RNA sequencing methods that phyA associates 155 with the promoters of hundreds of not only FR light induced but also stress/hormone 156 regulated genes. These authors postulated that by relying on this mechanism phyA has 157 the capacity to directly regulate rapid adaptation of plants to their changing 158 environment by controlling/integrating multiple biological processes. However, these 159 experiments were not designed to address whether phyA binding to the promoters is 160 different in different cell types, thus provided little if any information about the spatial 161 aspects of phyA signaling. 162
To obtain more precise information about the tissue specificity of molecular events 163 mediating phyA signaling in FR-HIR, we chose a yet different approach. Namely, we 164 (i) generated transgenic lines expressing the phyA-YFP (YELLOW FLUORESCENT 165 PROTEIN) fusion protein in the phyA-201 mutant under the control of its own as well 166 as different tissue-specific promoters, (ii) characterized a broad array of FR-HIR 167 light-induced developmental responses at the physiological level, and (iii) 168 complemented these studies by analyzing the accumulation/degradation of specific 169 reporter constructs in the wild type and/or in transgenic lines expressing the phyA-170 YFP photoreceptor in different tissues. 171 7 MATERIALS AND METHODS 172 173
Cloning, generation of transgenic plants 174
For details of constructing the transgenes used in this study, see Supporting 175
Information Methods S1 and Supporting Information Table S1 . Throughout the study 176 we used Arabidopsis thaliana L. (Heynh.) phyA-201 mutant (Reed et al., 1993) , (Ler 177 ecotype). The chimeric constructs were transformed into Arabidopsis as described by 178 Clough & Bent, (1998) . Independent homozygous lines expressing one Mendelian 179 copy of the transgene were selected for further analysis. ProPHYA:PHYA-YFP. Taken together, we conclude that the action of phyA-YFP 338 localized in the epidermis contributes to FR-dependent inhibition of hypocotyl 339 growth, but signaling by phyA localized in different cell/tissue types is also required 340 to fully complement the phenotype of the phyA-201 mutant. 341
To test if the apparently prominent role of epidermis-localized phyA in regulating FR-342 dependent hypocotyl and root elongation as well as cotyledon expansion was due to 343 its altered stability, we determined the degradation kinetics of phyA-YFP in 344
ProML1:PHYA-YFP and ProPHYA:PHYA-YFP transgenic lines by in vivo 345 spectroscopy. Fig. S12 demonstrates that degradation of the phyA-YFP fusion protein 346 in ProML1:PHYA-YFP is identical to that of the total phyA in ProPHYA:PHYA-YFP 347 seedlings. Thus we conclude that degradation of phyA is comparable in different 348 tissues, and tissue-specific differential degradation does not play a major role in 349 regulating phyA signaling. shown to be affected by phyA (Janoudi et al., 1997) . It was even found that the early 356 phototropic response in blue light is blocked in phyA mutant background (Kami et al., 357 2012) . The mechanism by which the ubiquitously expressed phyA modulates this 358 early phototropic response is unknown, thus we were interested in determining the 359 spatial requirements for phyA action. To this end we grew transgenic phyA-201 360 seedlings expressing the phyA-YFP fusion in tissue-specific fashion in darkness, and 361 illuminated them with unilateral blue light after FR pre-irradiation for 120 min. and accumulation of the bZIP type transcription factor ELONGATED HYPOCOTYL 406 14 5 (HY5) (Osterlund et al., 2000) , and induction of the rapid degradation of the 407 majority of bHLH-type PIF transcription factors (Leivar et al., 2012) . These events 408 represent very early steps of phyA-controlled signaling, and play an essential role in 409 establishing the complex signaling network (Ma et al., 2001) . Our data show that 410 phyA ( Fig. S4-S10 ) and PIF1 (see later Fig. 6 ) are highly expressed in all tissues 411 tested, whereas expression level of HY5 (Fig. 5) transgenic phyA-201 lines lacking the active photoreceptor (Fig. S13) .We used the 427 same experimental approach to monitor FR-induced degradation of PIF1. PIF1 428 negatively regulates chlorophyll biosynthesis and seed germination in the dark, and 429 light-induced degradation of PIF1 relieves this negative regulation to promote 430 photomorphogenesis (Huq et al., 2004) . We expressed CFP-PIF1 in ProML1:PHYA-431 YFP-harboring phyA-201 seedlings. Fig. 6 shows that the abundance of CFP-PIF1 is 432 high, and the protein is readily detectable in all cell types of etiolated seedlings. This 433 figure also demonstrates that a short exposure to FR light induced rapid degradation 434 of the fusion protein in the epidermal, mesophyll and companion cells of wild-type 435 seedlings, whereas in the ProML1:PHYA-YFP seedlings degradation of the fusion 436 protein was detectable only in the epidermal cells. These data strongly suggest that for 437 controlling PIF1 and HY5 abundances phyA acts in a tissue-autonomous fashion, and 438 intercellular communication between the cells of different tissues does not play a 439 major role. 440
phyA-YFP regulates FR-HIR dependent transcription of genes in tissue-442 autonomous and non-tissue-autonomous fashion 443
We also attempted to characterize to what extent regulation of cFR light dependent 444 transcription of genes is affected by expressing phyA in different tissues. To this end 445 first we selected several genes whose transcription was shown to be up-or down-446 readily detected not only in the epidermis but also in the sub-epidermal cells of 465 hypocotyls ( Fig. 7) and cotyledons of ProML1:PHYA-YFP seedlings (Fig. S14) . 466
These data demonstrate that upregulation of GA2ox1 in the sub-epidermis is mediated 467 by mobile signal(s) generated by phyA action in the epidermis cells. The expression 468 pattern of ProXTH17 differed from that of ProGA2ox1. CFP fluorescence was not 469 detectable in the cotyledon, but was quite strong both in the epidermis and sub-470 epidermis of the hypocotyl of etiolated WT, ProML1:PHYA-YFP and triple transgenic 471 seedlings. Irradiation by FR light radically changed these patterns. FR light 472 upregulated transcription of ProXTH17 only in the sub-epidermal cells of cotyledons 473 of WT, ProML1:PHYA-YFP and triple transgenic seedlings (Fig. S14) . These data 474 16 indicate that expression of ProXTH17 is restricted to the mesophyll cells in this organ, 475 and that phyA localized only in the epidermal cells is sufficient to enhance expression 476 of ProXTH17 in the mesophyll cells. In other words, we conclude that FR light 477 modulated transcription of ProXTH17 is (i) at least partly regulated by intercellular 478 signaling, (ii) mobile signal(s) generated in the epidermis is/are sufficient to induce its 479 expression in mesophyll cells devoid of phyA. In contrast to cotyledons, FR light 480 strongly down-regulates expression of ProXTH17 both in the epidermis and the sub-481 epidermis of the hypocotyl of WT, ProML1:PHYA-YFP and triple transgenic 482 seedlings (Fig. 7) . 483 Expression of ProIAA19:CFP-NLS displayed a unique pattern. This reporter was not 484 detectable in the cotyledons of dark-grown seedlings, but was highly expressed in the 485 epidermis and sub-epidermis of the hypocotyls of WT, ProML1:PHYA-YFP and triple 486 transgenic seedlings (Fig. 7) . FR irradiation dramatically reduced expression of the 487 reporter in all cell types in WT seedlings, but was completely ineffective to reduce 488 CFP fluorescence detectable in the epidermis and sub-epidermis of ProML1:PHYA-489 YFP and triple transgenic seedlings. We interpret these results to indicate that the 490 repressor of the transcription of ProIAA19 is not activated/produced either in the 491 ProML1:PHYA-YFP or triple transgenic seedlings. We have shown that the amounts 492 of phyA present in the epidermis of ProML1:PHYA-YFP, ProPHYA:PHYA-YFP and 493 triple transgenic seedlings do not differ significantly, thus we conclude that signaling 494 launched by phyA localized in the epidermis is not sufficient to down-regulate 495 expression of ProIAA19 in this tissue. It follows that the signal which is produced 496 either in the sub-epidermal or vascular cells (or both) in WT seedlings is absent or 497 below optimal level in the ProML1:PHYA-YFP and triple transgenic lines. 498
Collectively, analysis of the expression characteristics of these four reporter 499 constructs at the cellular resolution level convincingly demonstrates that phyA 500 signaling in FR-HIR is mediated partly by intercellular signaling. 501 502 503
DISCUSSION 504
We produced transgenic phyA-201 plants expressing the phyA-YFP photoreceptor 505 under the control of its own promoter or selectively in epidermal, mesophyll and 506 companion cells. By crossings we also generated plants that contain phyA in two or 507 three tissue types. The distribution pattern and abundance of phyA-YFP in the 508 ProML1+ProCAB3+ProSUC2:PHYA-YFP line was only partially identical to that of 509 phyA-YFP in the ProPHYA:PHYA-YFP line due to the low expression level of the 510 ProCAB3:PHYA-YFP transgene and the lack of expression of ProSUC2:PHYA-YFP 511 in the hypocotyl and root. We note that the reduced level of phyA in the mesophyll 512 cells is likely due to the fact that the basal level activity of the ProCAB3 promoter, 513 which itself is highly upregulated by phyA signaling, was sufficient only to induce 514 low level accumulation of phyA in etiolated tissue. Upon FR treatment the activity of 515 the ProCAB3 promoter is enhanced, but accumulation of phyA is simultaneously 516 reduced by the degradation of phyA Pfr, thus we conclude that the steady-state levels 517 of phyA remained below sub-optimal when compared to ProPHYA:PHYA-YFP 518 seedlings. 519 phyA mediates VLFRs, which initiate de-etiolation, and HIRs, which complete 520 de-etiolation under sustained activation with FR. phyA signaling in VLFR and FR-521 HIR conditions displays characteristic differences and is mediated partly by similar, 522 partly by specific molecular components and events (Casal et al., 2014) ProSUC2:PHYA-YFP transgenes (Fig. 3) . Thus we hypothesize that phyA presence in 555 the subepidermal cells of hook is critical to regulate this response, and signaling by 556 the photoreceptor from other tissues/cells might have limited importance. This 557 hypothesis is in harmony with findings demonstrating that cellular re-distribution of 558 PHOTOTROPIN1 is mediated by FR and takes place in the upper part of hypocotyls 559 (Han et al., 2008) and also with a more recent study investigating the spatial features 560 of PHOTOTROPIN1-mediated blue light dependent phototropism (Preuten et al., 561 2013) . However, phyA signaling in the mesophyll cells was also shown to contribute 562 to restoring FR-induced expansion of the cotyledons of the phyA-201 mutant but not 563 to the regulation of flowering time or root elongation (Fig. 2, Fig. 4) . 564
Expression of the ProML1:PHYA-YFP transgene was sufficient to restore FR-HIR 565 induced root elongation of the phyA-201 mutant, similarly to ProPHYA:PHYA-YFP 566 (Fig. 2) . It was reported that local phyA signaling in the root is dismissible (Costigan 567 et al., 2011) , and shoot-derived, phyA-controlled signal regulates elongation of roots 568 in FR (Salisbury et al., 2007) . Our data show that the action of phyA in the mesophyll 569 cells or vasculature is not required and phyA in the root of ProML1:PHYA-YFP line is 570 expressed only in a few epidermis cells located at the boundary of dividing/elongation 571 zone (Fig. S9,S10 ). Thus we conclude that the signal is likely generated by the action 572 of phyA of epidermal location in the hypocotyls, cotyledons but not in the root (Fig.  573 S9,S10) It is assumed that auxin plays a critical role in regulating root elongation. 574
However, it remains to be determined how signaling by phyA in the epidermis 575 modulates local synthesis and/or transport of auxin to promote root elongation 576 19 (Grieneisen et al., 2007) . phyA localized in the epidermis also contributes to 577 inhibition of hypocotyl elongation and cotyledon expansion (Fig. 2) , but not to the 578 regulation of flowering time (Fig. 4) or phototropism (Fig. 3) . 579
The triple transgenic lines, with the exception of the partially restored inhibition of 580 hypocotyl elongation and phototropism, exhibited fully complemented phyA-201 581 phenotype. Since phyA-YFP in the epidermis and vascular tissues are expressed 582 approximately at the same level in these plants as in the ProPHYA:PHYA-YFP we 583 conclude that the action of phyA in the mesophyll cells is critical for the regulation of 584 hypocotyl elongation. This is in good agreement with recent findings obtained by 585 analyzing this response in transgenic lines in which the chromophore was depleted in 586 the mesophyll cells (Warnasooriya & Montgomery, 2009) or phyB was expressed in 587 the mesophyll cells of the cotyledon (Endo et al., 2005) . These authors also concluded 588 that the long-distance signal produced in the cotyledons is required for the regulation 589 of hypocotyl growth inhibition. The transgenic lines used in this study are not suitable 590
to study organ-specific signaling, yet we note that the triple transgenic lines had fully 591 developed cotyledons and roots. The apparent contradiction between our data and 592 those published by (Warnasooriya & Montgomery, 2009 ) can be explained by three 593 mutually non-exclusive mechanisms. Namely, we assume that either (i) the signal 594 derived from the mesophyll cells is insufficient to exclusively regulate hypocotyl 595 growth because of the sub-optimally low level accumulation of phyA brought about 596 by the ProCAB3:PHYA-YFP transgene (ii) in addition to the mesophyll cells, local 597 phyA action in other cell types (epidermis) of the hypocotyl is also required, or (iii) 598 despite the fully complemented size the "metabolic state" of cotyledons of the triple 599 transgenic line is still different from that of the ProPHYA:PHYA-YFP plants, thus the 600 amount of the unknown signaling compound is suboptimal. 601
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